There is considerable interest in using Quantum Dots (QDs) as fluorescent probes such for cellular imaging due to unique advantages in comparison with conventional molecular dyes. However, cytosolic delivery of QDs into live cells remains a major challenge. Here we demonstrate highly efficient delivery of PEG-coated QDs into live cells by means of laser-induced vapour nanobubbles. Using this procedure we succeeded in high-throughput loading of ~80% of cells while maintaining a cell viability of ~85%.
INTRODUCTION
Quantum Dots (QDs) as fluorescent probes have attracted considerable interest in many biological and biomedical applications, especially cellular imaging [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In comparison with conventional molecular dyes, QDs have several unique advantages such as broad absorption with narrow emission spectra, high resistance against photobleaching, and size-tunable fluorescent emission [13] [14] [15] [16] . To date, QDs have been successfully applied to label fixed and permeabilized cells, or to label membrane proteins in living cells [5, 15, 17, 18] . To extend their use for more general subcellular labeling of living cells, efficient cytosolic delivery into live cells is required, which remains a major challenge [8, 12] . Recently, gold nanoparticle (AuNP) medicated photoporation was shown to be an efficient, nontoxic approach to deliver macromolecules from tens of kDa to hundreds of kDa in live cells [19, 20] . By irradiating AuNPs attached the cell membrane with pulsed laser light of sufficient energy, 'explosive' water vapour nanobubbles (VNB) can be formed around these AuNPs. When the thermal energy of the AuNP is consumed, the VNB violently collapses and causes local damage to the cell membrane by high-pressure shock waves. Using this approach we demonstrated that large macromolecules, such as 500 kDa FITC-dextran, could be introduced into the cytoplasm with negligible cytotoxicity [20] . Considering that the size of PEGylated QDs is similar to the hydrodynamic radius of 500 kDa dextran, here we have evaluated if laser-induced VNB mediated membrane poration can also efficiently deliver QDs in cells with low toxicity.
MATERIALS AND METHODS

Materials
530 (+/-10) nm CdSeS/ZnS Fluorescent nanocrystals coated with thiol oligomer and surface functionalized with -COOH groups (PEG-coated QDs) with 10 nmol in 1 mL H 2 O or PBS were purchased from AC Diagnostics, Inc.
(#CAQD-530-P-1, AC Diagnostics, Inc., Fayetteville, AR, USA). Cationic AuNPs of 70 nm were purchased from NanoPartz (#C2159, Nanopartz Inc., Loveland, CO, USA). These AuNPs had a zeta potential of 30 mV as measured by dynamic light scattering (NanoSizer, Malvern, UK). Calcein red AM (#C34851, CellTrace, Belgium) for cell viability quantification is obtained from Invitrogen. 
Cell experiments
HeLa cells (1.5×10 4 cells/well) were grown in cell medium of DMEM/F-12 with 2 mM glutamine, 10% heatinactivated fetal bovine serum (FBS, Hyclone) and 100 U/mL penicillin/streptomycine, in 96 wells (#655892, Greiner Bio-One, Germany) at 37° in a humidified atmosphere containing 5% CO2 for 24 hours before laser treating. For laser treatment, the cells were incubated with AuNPs for 30 min at a fixed concentration of 1.77×10 10 particles/mL, which corresponds to 8 particles/cell on average [20] . Following incubation with AuNPs, the cells were washed to remove any remaining free AuNPs in solution. Just prior to the laser scanning treatment, the solution of QDs was added to the cells. After the laser treatment, the cells were washed and supplied with fresh cell medium. CellTrace® Calcein red AM was added to the samples for 45 min incubation at room temperature to stain living cells for quantifying cell viability. The prepared cell samples were imaged by confocal microscopy (C1-si, Nikon, Japan).
Generation and detection of AuNP heating and VNB formation
A setup was made to generate and detect the generation of VNB [20] . A pulsed laser (~7 ns) tuned at a wavelength of 561 nm (Opolette TM HE 355 LD, OPOTEK Inc., Faraday Ave, CA, USA) was used for illumination of AuNPs to generate VNBs. The setup has time-response and light scattering modes for detecting VNB formation. 1=2.08 J/cm2
RESULTS AND DISCUSSION
N=1
As shown in Fig.1a , the experimental procedure of intracellular delivery of QDs by AuNP mediated photoporation includes a number of sequential steps. First, AuNPs are incubated with the cells for adsorption onto the cell membrane. In this work we used positively charged AuNPs with 70 nm, which were incubation with HeLa cells for half an hour at 37 °C. As described in previous work of ours [20] , the number of AuNP that are adsorbed to the cells can be quantified from confocal images in reflection mode (Fig.1b) . Next, the nonadherent AuNPs are removed and cell medium containing QDs is added to the cells just prior to starting the laser illumination procedure. After that, all cells are treated with a single pulse of laser light (7 ns @ 561 nm) by scanning the sample through the laser beam with an electronic sample stage. VNB formation can be detected by a change in transmitted intensity of a CW laser focused on the sample, or by dark-field microscopy (Fig.1c) . Finally, the cells are washed to remove the remaining extracellular QDs in the solution and cell viability is quantified by a cell viability probe of Calcein red AM. In order to quantify the delivery efficiency and toxicity, the cells are imaged by confocal microscopy. As is clear from Fig. 2 , cells could be successfully loaded with QDs with little or no cytotoxicity by AuNP mediated photoporation. At a low laser fluence of 0.26 J/cm 2 the AuNPs become heated, but not enough to form VNBs. Membrane pores can be formed that way, but they are smaller than those generated by VNBs, which explains the low loading efficiency. Instead, by increasing the laser fluence above the VNB generation threshold to 2.08 J/cm 2 , efficient delivery of QDs is indeed obtained. By repeating the VNB loading procedure a second time, the loading efficiency could be substantially improved further. Based on similar images, the QD loading efficiency and toxicity was quantified as a function of the laser fluence (Fig. 3) . These results show that a single cycle of VNB-induced photoporation results in ~60% positive cells and a fluorescence per cell that is markedly higher than in the control samples (where some QD uptake may have occurred by endocytic processes). By repeating the entire loading procedure a second time, >80% of the cells were loaded with QDs and with an even higher fluorescence per cell. At the same time, the viability of cells remained as high as ~85%. From these results, we can conclude that PEG-coated QDs can be efficiently delivered into live cells with low toxicity by VNB-induced photoporation. 
CONCLUSIONS
In summary, we have demonstrated that AuNP mediated photoporation is an efficient method for delivering PEGcoated QDs into live cells with low toxicity, thus paving the way towards the use of QDs for labelling of subcellular structures in living cells.
